Fallon, 1999). In Drosophila, one FGF, encoded by the branchless (bnl) gene, and two FGFRs, encoded by the breathless (btl) and heartless (htl) genes, are known. Bnl is necessary for the proper migration and branching of the tracheal cells (Sutherland et al., 1996) Figure 1B) . In females, the A8-derived primordium grows to dominate the disc and gives rise to
Figure 1. The Sex Determination Hierarchy and Its Effects on the Genital Disc
(A) Abbreviated version of the sex determination hierarchy in D. melanogaster. The female-specific Sex-lethal (Sxl) gene directs the female-specific splicing of the transformer (tra) pre-mRNA; only the female-specific tra mRNA encodes Tra protein. Tra and the transformer-2 (tra-2) gene product direct the female-specific splicing of the doublesex (dsx) pre-mRNA to produce an mRNA encoding Dsx F . The Dsx F protein represses male differentiation genes and activates female differentiation genes. Males lack Sxl protein; consequently, Tra protein is not produced, and in its absence the dsx pre-mRNA is spliced by default into a male-specific mRNA encoding Dsx M , a protein that represses female differentiation genes and activates male differentiation genes. (B) Growth and differentiation of the genital disc in response to the sex determination hierarchy. Note that the function of the appropriate Dsx protein is needed both to bring about the growth of the relevant primordium and to bring about the subsequent differentiation of the developed primordia. most of the female genitalia; the A9-derived primordium onic ectoderm, these recruited btl-expressing cells originate from the mesoderm and initially express the mesodevelops into the parovaria, part of the internal female genitalia; and the A10-derived primordium develops into dermal marker twist. After being recruited into the disc, they define a novel third compartment that is clonally the female analia (Nö thiger et al., 1977; Keisman et al., 2001). In males, the converse happens: the A9-derived distinct from the anterior and posterior compartments. Subsequently, the btl-expressing cells become epitheprimordium grows to dominate the disc and gives rise to all of the male genitalia; the A8-derived primordium lial (losing twist expression and gaining expression of the marker Coracle, a component of septate junctions gives rise to a miniature male eighth tergite; and the A10-derived primordium develops into the male analia in epithelia), and give rise to the paragonia and vas deferens, components of the internal male genitalia. The (Nö thiger et al., 1977; Keisman et al., 2001).
We found that the genes bnl, which encodes a fibropresence of the FGF encoded by bnl in the ectodermderived cells of the male genital discs induces the FGFRblast growth factor (FGF), and btl, which encodes its receptor (FGFR; Sutherland et al., 1996; Glazer and expressing mesodermal cells to migrate into the male discs. The male-specific deployment of FGF signaling Shilo, 1991; Klä mbt et al., 1992), are both expressed in the mature male genital disc but not in the mature female is a consequence of bnl expression being repressed in female discs by Dsx F , the female-specific Doublesex genital disc. The btl-expressing cells are not originally a part of the male disc; rather, they are actively recruited protein. Our results thus constitute a demonstration of how the sex determination hierarchy acts through other into it during late larval development. Unlike the rest of the cells in the disc, which are derived from the embrygenes to direct the construction of sex-specific tissues.
In addition, our findings demonstrate some striking parallels between the roles of FGF signaling in sexual differentiation in Drosophila and mice. These findings also significantly modify several commonly held tenets with respect to Drosophila imaginal disc development. It is generally accepted that Drosophila imaginal discs are derived solely from precursor cells allocated from the embryonic ectoderm and that discs subsequently grow by cell division rather than by cell recruitment (Cohen, 1993). In addition, it is generally accepted that imaginal discs are subdivided into anterior and posterior compartments, with all cells in a disc having either an anterior or posterior identity (García-Bellido et al., 1973; Eaton and Kornberg, 1990; Kornberg et al., 1985). Our results show that in the Drosophila male genital disc, cells derived from the mesoderm are recruited into the disc during late larval development and that these recruited mesodermal cells belong to neither the anterior nor the posterior compartment.
Results

Male-Specific Expression of bnl and btl
The extensive sexual dimorphisms of the genitalia and analia ( Figure 1B) suggested that the genital disc would be relatively enriched in genes expressed downstream of dsx. To identify such genes, a random collection of enhancer traps was screened for sex-specific expression patterns in late third instar genital discs. Enhancer trap insertions in the bnl and btl genes were both isolated as enhancer traps expressed in male but not female genital discs (Figures 2A, 2B , 2E, and 2F). The sex specificity and the spatial patterns of expression of these enhancer traps accurately reflect the expression of the bnl and btl genes in the genital disc ( Figures 2C,  2D , 2G, and 2H). Of the three primordia that comprise the genital disc, bnl and btl are both expressed in only one: the A9-derived developing "male" primordium. bnl and btl are also expressed in adjacent domains: bnl is expressed at the base of two bilateral bowl-like infoldings of the disc epithelium, while btl is expressed in a group of loosely packed cells that fills these bowls and extends over the anterior and ventral surfaces of the disc (Figures 2I-2L ).
Recruitment of btl-Expressing Cells
The juxtaposition of btl-and bnl-expressing cells suggested that their proximity to one another might be the result of FGF-mediated cell-cell signaling. We therefore To address whether these btl-expressing cells defined 4). By using appropriate markers (e.g., antibodies against Coracle, a protein localized to septate junctions a novel compartment, we asked whether random GFPexpressing clones induced at the first instar larval stage lying just below the apical membrane) to determine the polarity of the genital disc epithelia, we found that the could cross between the btl-expressing domain and the rest of the disc. In 217 third instar male genital discs with btl-expressing cells were associated only with the basal membrane of the disc epithelia (data not shown). This GFP-expressing clones, no clone in the btl-expressing domain extended outside this domain ( Figure 6B ). Conled us to conclude that the btl-expressing cells are mesodermal in origin and derived from the adepithelial cells versely, no clone in the rest of the genital disc ever included any btl-expressing cells, although a number of associated with the genital disc. Note that these conclusions run contrary to the generally accepted view that such clones lay adjacent to and often almost completely surrounded the btl-expressing domain ( Figure 6C ). Thus, the disc is derived solely from ectoderm-derived founding cells set aside during embryonic development.
the btl-expressing cells define a third compartment of the genital disc.
Bnl Recruits the btl-Expressing Cells into the Disc
How is the migration of these mesoderm-derived btlEpithelial Fate of the btl-Expressing Cells While the btl-expressing cells appear loosely packed expressing cells into the male genital disc brought about? That bnl is expressed in the male genital disc and distinct from the epithelium in which bnl is expressed in a late third instar male disc, by 8 hr after epithelium and btl in the cells that migrate into the disc and come to lie adjacent to the FGF-expressing cells, puparium formation (APF), the btl-expressing cells take on a single-layered, tightly packed morphology reminissuggested that the FGF could be acting as an instructive To distinguish between these possibilities, we tate localizations of Coracle were easily detectable in generated feminized (Tra protein-expressing) clones of btl-expressing cells; this staining was indistinguishable cells in the A9-derived primordium of wild-type male from that at septate junctions in other parts of the genital genital discs and examined the effects of these clones disc ( Figures 7H and 7I) . Thus, the mesoderm-derived on bnl expression. Whenever feminized clones overbtl-expressing cells were converted into epithelia during lapped domains of bnl expression, the expression of bnl pupal development. These mesoderm-derived epithelia was repressed, indicating that it was cell-autonomous regulation by the sex determination hierarchy that was and their enclosed lumens eventually develop into the Figures 8A-8F) .
When a feminized clone completely eliminated bnl were recruited efficiently into the male discs, confirming that the sex hierarchy acts through bnl to induce the expression from one side of a male disc, the lobe lacking bnl expression looked flattened (Figures 8D-8F ). This migration of btl-expressing cells (Figures 8G-8I ). This model also implies that btl-expressing adepithelial cells was a consequence of btl-expressing cells not migrating into this lobe in the absence of Bnl protein, showing should be associated with the ventral surface of the female genital disc, which they are (data not shown). that bnl expression is not simply sufficient, but also necessary for the recruitment of btl-expressing cells.
To examine how dsx regulated bnl expression, we compared bnl expression in wild-type genital discs and This observation suggests that btl, unlike bnl, is not a target of the sex determination hierarchy, and that the discs lacking dsx function. bnl is expressed in the A9-derived primordium of a wild-type male disc, where Dsx M male-specific expression of btl in the genital disc is solely a consequence of Bnl recruiting the btl-expressis present ( Figure 8J ), but is not expressed in the A8-derived primordium of a wild-type female disc, where ing cells. To test this model, we generated feminized (Tra protein-expressing) clones among the btl-expressDsx F is expressed ( Figure 8K ). However, in a disc in which neither Dsx protein is expressed, both the A8 and nation for a puzzling observation first made by Hildreth (1965): while wild-type males have only two paragonia, A9 primordia proliferate and bnl expression is seen in both primordia ( Figure 8L ). That the A8 primordium dsx mutant flies often have as many as four paragonialike structures. Our finding that the ectopic expression grows in both wild-type and dsx mutant females but bnl is expressed in the A8 primordium only when the Dsx pockets of btl-expressing cells give rise to the supernutissue differentiation program, rather than being directly controlled by the sex hierarchy (Burtis and Wolfner, merary paragonia. 1992). It seems likely that the targets through which dsx initiates formation of such sex-specific tissues will be Discussion the genes where information from several developmental hierarchies is integrated to direct the differentiaWe have shown that, contrary to accepted views of tion of tissues. imaginal disc development, cells derived from the mesoOur results suggest that bnl is one of the genes used derm are actively recruited into the male genital disc by the sex determination hierarchy to direct the conduring larval development, where they comprise a novel struction of sex-specific tissues. Bnl recruits btl-expressthird compartment. These mesoderm-derived cells uning cells into the male genital disc, and the recruited dergo a mesodermal-to-epithelial transition and give cells eventually form the paragonia and vas deferens, rise to a major portion of the internal adult male genitalia.
tissues that are present only in males. Moreover, three That similar FGF signaling also occurs in other imaginal genes expressed in the paragonia, the male-specific discs is indicated by the finding that migration of btltranscripts 316, 355a, and 355b, have been shown to expressing cells in response to the localized expression be regulated in a tissue-specific rather than sex-specific of bnl also occurs in wing discs (M. Sato and T.B. Kornmanner: while transcription of these three male-specific berg, personal communication).
RNAs begins in the late pupal period, their expression Our findings, taken together with previous results, inis governed by the sex hierarchy acting earlier, during dicate that dsx modulates both cell-cell signaling and the third larval instar-the period when the expression of the response of cells to such signals in the genital disc.
bnl recruits the paragonia-forming btl-expressing cells The sex of the A/P organizer, a wg-and dpp-expressing into the male genital disc ( Emerald and Roy, 1998). The fact that the bnl expression through the Dsx proteins to regulate several different domain is limited to two specific subsets of the ectolevels of disc development, shows a remarkable similarderm-derived disc epithelia in males implies that bnl is ity to the role of the homeotic gene Ultrabithorax (Ubx), also regulated by these pattern formation hierarchies. which controls the growth of the haltere disc by regulatOne area of future exploration will be examining how ing the expression of wg and also acts cell autonothis coordinated regulation of bnl by dsx and the genes mously to regulate the activation of wg and dpp target involved in pattern formation is brought about. genes (Weatherbee et al., 1998). Both Ubx and dsx direct An intriguing aspect of our findings was the gradual entire discs down specific developmental paths. transition of the btl-expressing cells, upon recruitment Given that bnl is regulated cell autonomously by Dsx 
